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ABSTRACT 
Estimating Ultimate Gas Recovery from Unconventional Gas Reservoir 
 
AMGD M. KHARABAH 
 
  
The rise in natural gas global demand is the major factor influencing the increase in 
exploration and development of the unconventional gas resources. Most of the unconventional 
gas reservoirs have very low permeability and are not able to produce an economic flow rate 
without stimulation treatments. The application of the advanced technologies including a 
horizontal drilling and hydraulic fracturing has been responsible for the economic development 
of unconventional gas resources. Horizontal wells with multiple hydraulic fracture treatments 
have proven to be an effective method for development of shale reservoirs. However, there is no 
simple technique available for the predicting the ultimate gas recovery from the shale reservoir 
due to complex interaction of horizontal well, hydraulic fracture, and natural fracture present in 
the shale. Additionally, most shale reservoir such as Marcellus shale have a limited production 
history available and the long term production is not well established. The objective of this study 
is to estimate the ultimate gas recovery from horizontal wells with multiple hydraulic fractures 
completed in a shale formation based on the early production history.  
 
Production history and other field data were utilized in this study to develop a model for 
prediction of the long term production and ultimate gas recovery from the shale reservoirs. The 
model was then utilized to develop a correlation between early production and the ultimate gas 
recovery.  The impact of the reservoir and hydraulic fracture properties on the correlation was 
investigated. The number and the half-length of the hydraulic fracture were found to have a 
significant impact on the correlation. 
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CHAPTER 1 
INTRODUCTION 
 
Unconventional gas reservoir is a term commonly used to refer to a low permeability 
reservoir that produces mainly dry natural gas. Horizontal drilling technology is used to increase 
drainage area and productivity of the low permeability reservoirs. In the last several years, using 
horizontal drilling technology in oil exploration, development, and production operations has 
grown rapidly. It is becoming a larger percentage of the development wells. Horizontal drilling 
with multiple hydraulic fracturing has become the key techniques to achieve economic 
production from unconventional reservoirs. The hydraulic fracturing is a stimulation technique 
which is used to increase permeability in a formation.  
Horizontal wells with multiple hydraulic fractures have recently become the key technology 
to achieve economic production from shale gas reservoirs. However, the production data available 
from these horizontal wells only reflect the short-term recovery. Production ratio can be used to 
estimate the long-term recovery for the horizontal wells. This thesis will be a new study on the 
production analysis of the Marcellus Shale using reservoir simulation and history matching 
techniques. 
            Unconventional reservoirs play huge roles in hydrocarbon production in the United 
States.  Marcellus shale that is found in the Appalachians has shown remarkable promise in the 
past few years. Marcellus shale formation is expected to be an important contributor to the 
natural gas supply of the United States. Unconventional reservoirs such as Marcellus shale 
present several challenges compared to conventional reservoirs. The first challenge is that shale 
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formations have dual porosity or naturally fractured formations. This naturally fractured 
reservoir contains two storage volumes for hydrocarbons; the rock matrix and natural fractures. 
The adsorbed gas is considered as the second challenge in the unconventional reservoirs. 
Adsorbed gas is contained within organic material in the shale. These two major differences 
between conventional gas reservoirs and shale gas reservoirs can have a noticeable impact on 
production performance. 
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CHAPTER 2 
Literature Review 
 
2-1 Conventional & Unconventional Reservoirs 
 
Conventional reservoirs are essentially medium to high permeability reservoirs. 
Therefore, they can produce at the commercial flow rate without stimulation treatments or any 
special recovery process. The unconventional reservoirs cannot be produced at an economic flow 
rate. The low permeability reservoirs such as shale gas, tight sand, and coal bed methane require 
stimulation treatments to improve the permeability. Thus, horizontal drilling and hydraulic 
fracturing are technologies for production from the low permeability reservoirs at an economic 
flow rate. 
The concept of the resource triangle is very useful in understanding the distribution of gas 
reservoirs and the factors which affect them was used by Master’s, (1979). Figure 2-1 illustrates 
the resource triangle for conventional and unconventional reservoir. Conventional reservoirs are 
small in size and easy to develop, but often hard to find. The unconventional reservoirs with 
large volumes of oil or gas in place are generally much more difficult to develop. 
Unconventional reservoirs need high technology and are much more costly to develop. Due to 
gas demand and increasing gas prices, the unconventional gas reservoirs can be developed to 
meet the demand. 
 
 
4 
 
 
Figure 2-1 Resource Triangle (modified from Masters, 1979) 
                                                                    
 
Figure 2-2 from Energy Information Administration (EIA), illustrates the historical 
production and projections for natural gas from 1990-2035, while total domestic natural gas 
production will grow from 21.0 TCF in 2009 to 26.3 TCF in 2035, shale gas production will 
grow to 12.2 TCF in 2035, when it will make up 47 percent of total U.S. production—up 
considerably from the 16 percent share in 2009. 
The production of shale gas has grown dramatically; production of natural gas from shale 
gas in the United States grew by an average of 17 percent per year from 2000 to 2006. Early 
successes in shale gas production occurred primarily in the Barnett Shale of north central Texas. 
By 2006, successful shale gas operations in the Barnett shale, improvements in shale gas 
recovery technologies, and attractive natural gas prices encouraged the industry to accelerate its 
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development activity in other shale plays. The combination of two technologies- horizontal 
drilling and hydraulic fracturing- made it possible to produce shale gas economically, and from 
2006 to 2010 U.S. shale gas production grew by an average of 48 percent per year (AOE 2011). 
 
 
Figure 2-2 U.S. Natural Gas Production in TCF/year, 1990-2040 (EIA, 2012) 
 
2-2 Shale gas 
 
Shale is a type of clay or mud that can easily split into layers. These layers were compressed 
by formation pressure or other geological circumstances and turned into a fine-grained sedimentary 
rock. Shale formations function as source rocks and seals for conventional reservoirs. Gas migrates 
from source rock to sandstone or carbonate reservoirs. There, gas is accumulated and trapped in the 
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sandstone resulting in a gas reservoir. Shale gas reservoir is defined as highly organic formation 
having permeability ranging from 0.1 mD to 10-7 mD. (Siripatrachai and. Ertekin, 2011) 
 
In shale gas reservoirs, gas can be stored in three forms: free gas in matrix pores which has 
the majority of gas storage in the formation but with a very low permeability, free gas in fractures 
with a higher permeability but low storage capacity, and adsorbed gas on the surface of shale as it 
illustrates in Figure 2-3 below. Adsorbed gas can be primarily characterized by two parameters: 
Langmuir Volume (V𝑙 ) and Langmuir Pressure (P𝑙 ). Gas produced from shale is mostly methane, but 
some are wet gas. 
 
 
Figure 2-3 Free Gas in Matrix, Free Gas in Fractures and Adsorbed Gas in the Solid (Song and Economides, 2011) 
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The adsorption / desorption mechanism is governed by Langmuir isotherm where two 
properties are associated with: Langmuir volume or gas content (VL) and Langmuir pressure (PL). 
The mathematic expression of this model is: 
𝑉𝑎𝑑𝑠 =
𝑉𝐿 𝑃
𝑃𝐿 + 𝑃
… … … … … …  (1) 
Langmuir Pressure and Langmuir Volume are needed to describe the adsorption/desorption of a 
particular reservoir rock. Figure 2-4 (Song and Economides, 2011) is a typical Langmuir 
isotherm indicating the amount of gas adsorbed as pressure increases or desorbed as pressure 
decreases.  
 
Figure 2-4 Gas Adsorption/Desorption Isotherm (Song and, Economides, 2011) 
 
2-3 Horizontal Drilling 
 
Horizontal drilling is the process of drilling a well from the surface to a subsurface 
location just above the target oil or gas reservoir called the “kickoff point”, then deviating the 
well bore from the vertical plane around a curve to intersect the reservoir at the “entry point” 
with a near horizontal inclination, and remaining within the reservoir until the desired bottom 
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hole location is reached. This technique helps to penetrate a maximum distance of gas-bearing 
rock and a maximum number of vertical rock fractures. Figure 2-5 shows how a horizontal well 
intersects a number of hydraulic fractures in a Marcellus zone.  
 
 
Figure 2-5 Horizontal well intersecting the Marcellus formation (geology, 2012) 
                  
Horizontal wells are preferable more than vertical wells when drilling in a Marcellus 
shale reservoir which is going to be hydrofraced because of two reasons. The first reason is that, 
the natural fractures in Marcellus shale are vertical and when a vertical well is drilled in this 
reservoir, very few vertical fractures are intersected. However, the horizontal well intersects 
many of the vertical fractures. Another major reason is that a hydraulically fractured horizontal 
well will most likely outperform a hydraulically fractured vertical well in a shale reservoir. 
Although, horizontal wells are preferred to vertical wells for the Marcellus formation, it is 
important to know that they are more expensive than vertical wells. An average newly drilled 
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horizontal well costs about 1.5 to 2.5 times more than a vertical well (Joshi, 1988). On the other 
hand, the productivity of the horizontal well is 2 to 5 times larger than the vertical well (Joshi, 
1988). Thus, for the given economic gas rate limit, horizontal wells could be produced with up to 
half to one-third reservoir pressure as compared to the reservoir pressure required for economic 
production from a vertical well (Joshi, 1988). 
 
2-4 Hydraulic Fracturing 
 
Well stimulation is a well intervention performed on oil and gas wells to increase 
production by improving the flow of hydrocarbon from reservoir to wellbore. There are mainly 
two well stimulation methods 
 Matrix Acidizing  
 Hydraulic Fracturing.  
Matrix Acidizing is a stimulation technique in which acid solution (HCL, mixture of 
HCL & HF) is injected into a formation to dissolve some minerals. The process of hydraulic 
fracturing is very vital in unconventional reservoirs (For example, Marcellus shale) if it is to be 
commercially produced. Hydraulic fracturing is used to create a flow path in a gas reservoir that 
can facilitate the fluid flow of natural gas to a producing well.  
Marcellus shale has low connectivity and restricted pore volume that impedes the flow of 
natural gas through the reservoir. Therefore, it is usually fractured by injecting a fluid containing 
sand or other proppant under specific pressure to efficiently create fractures in the rock through 
which the natural gas can easily flow. 
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 According to Schlumberger, slick-water (a low viscosity water based fluid) and proppant 
can be used for deeper high-pressure Marcellus shale with increased production, while nitrogen 
foamed fracturing fluid is more applicable to shallower low-pressure shale. Caution is necessary 
to contain the fractures within the specified gas reservoir to avoid intersecting adjoining aquifers 
that would introduce excess water into the gas producing zone. In order to increase the success 
rate of the hydraulic fracture significantly and have an effective stimulation, a long and 
conductive fracture will have to be created. This is because the shale reservoirs have ultra-low 
permeability. Figure 2-6 illustrates how hydraulic fracturing process is implemented. 
 
Figure 2-6 Hydraulic Fracturing Process (Tschirhart, 2005) 
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2-4-1 Types of Hydraulic Fractures 
 
There are two different types of hydraulic fractures that can be created in a reservoir. 
These fractures are determined by the direction of the stress field (vertical or normal to the 
horizontal minimum stress) in the producing formation. If the horizontal well is drilled parallel to 
the minimum horizontal stress, it is expected that the fractures created will be perpendicular to 
the horizontal well, thereby, creating a transverse well while, the other limiting case can be 
generated if a horizontal well is drilled perpendicular to the minimum horizontal stress, creating 
a longitudinal fracture. Here, the fractures created usually are parallel to the horizontal well. 
Longitudinal fractured wells perform massively in high permeability reservoirs, however, 
for Marcellus shale reservoirs, transverse fractured horizontal well are very attractive as they are 
more productive than longitudinal fractured horizontal well when compared with one another in 
the same reservoir and conditions. Figures 2-7 and 2-8 show the comparison of the production 
rate and cumulative production between transverse and longitudinal fractures, respectively. 
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Figure 2-7 Comparison of flow rate between Transverse and Longitudinal fractures in shale (Soliman, 1999). 
 
Figure 2-8 Comparison of cumulative production between Transverse and Longitudinal fractures in shale (Soliman, 
1999) 
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2-4-2 Dimensionless Fracture Conductivity 
 
The placement of a horizontal well in the formation can impact the stimulation of the 
well significantly. In reality, there is a difference between the horizontal wells and the lateral 
wells. These horizontal wells take about 75 to 85 degree angles using the upward or downward 
dips and assume the trend of the formation. Talking about producing from a hydraulically 
fractured horizontal well includes very important variables like reservoir permeability, reservoir 
pressure, wellbore length, well drainage area and fracture orientation (in-situ stress and fracture 
direction). 
Hydraulic fracturing is often used in low permeability reservoirs which is not capable of 
reaching economic production rates. This is very different in character to the naturally fractured 
reservoirs that are classified as having a dual porosity. In general, hydraulic fractures are 
characterized by four variables: fracture half-length (𝑋𝑓), fracture width (w), formation 
permeability (k) and proppant pack permeability (𝑘𝑓). These four characteristics make up the 
dimensionless fracture conductivity. Dimensionless fracture conductivity along with fold of 
increase (FOI) in productivity are two very important factors to be considered when creating a 
hydraulic fracture. Dimensionless fracture conductivity less than 10 is considered poor, while a 
value between 10 and 50 is considered to be good, and any value beyond 50 is considered to 
have excellent dimensionless fracture conductivity (Gidley, 1989). 
𝐶𝑓 =
𝑘𝑓𝑤
𝑘 𝑋𝑓
… … … … … … . (2) 
Unlike natural fractures, hydraulic fractures are almost entirely vertical generally and they cut 
through the thickness of a reservoir, thereby, increasing the chances of hitting the pay zone. 
14 
 
 
Figure 2-9 Infinite-conductivity and finite-conductivity fractures 
 
Unlike natural fractures, hydraulic fractures are almost entirely vertical generally and they cut 
through the thickness of a reservoir, thereby, increasing the chances of hitting the pay zone. 
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2-4-3 Flow regime 
 
There are four different flow regimes that can occur in a hydraulically fractured reservoir 
which are fracture linear flow, bilinear flow, reservoir linear flow and pseudo-radial flow 
(www.fekete.com). Figure 2-10 shows different time periods that exist in the life of the shale gas 
reservoir. 
Legends: 
E.T: Early Time 
Middle Time 
Transition period 
Late Time: Pseudo steady state (P.S.S) or Steady State (S.S) 
 
 
 
Figure 2-10 Pressure versus time graph showing the various time periods (www.fekete.com). 
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The flow regime starts out early with a fracture linear flow as shown in Figure 2-11, 
which lasts for a very short time before advancing to the bilinear flow during the mid-time in the 
reservoir. During the bilinear flow regime, two linear flows occur simultaneously where one 
flow is a linear flow within the fracture and the other is a linear flow from the formation toward 
the fracture (www.fekete.com). The bilinear flow regime gives an estimate of Dimensionless 
fracture conductivity. Figure 2-12 illustrates the bilinear flow regime. The reservoir linear flow 
toward the fracture occurs when fracture has infinite conductivity. The pseudo- radial flow 
regime takes a long period of time to occur and only does if there is no boundary effect. The 
pseudo-radial analysis provides an estimation of formation permeability in the radial direction. 
Finally, pseudo steady state flow appears when pressure transient reaches the outer boundaries 
and the outer boundaries are no flow boundaries. 
 
Figure 2-11 Fracture linear flow regime occurs during early time (www.fekete.com) 
 
 
Figure 2-12 Bi-linear flow regimes during middle time period (www.fekete.com). 
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CHAPTER 3 
OBJECTIVE AND METHODOLOGY 
 
The primary objective of this research was to estimate the ultimate gas recovery from 
horizontal wells with multiple hydraulic fractures in shale formation by using early production 
history. In order to accomplish these objectives the following procedures were followed: 
1) A base model was developed to predict the long term production behavior of a 
Marcellus shale reservoir. 
2) The model was utilized to develop a correlation between the early production and 
ultimate gas recovery form a Marcellus shale reservoir. 
3) The impacts of various reservoir parameters including fracture half length (𝑋𝑓), 
fracture permeability (𝑘𝑓) and matrix porosity (ϕ) on the correlation between the 
early production and ultimate gas recovery were investigated. 
 
4) To evaluate the reliability of the correlation, the predicted ultimate gas recoveries 
for 2 horizontal Marcellus shale wells based on the actual production data using 
the correlation were compared against the predicted ultimate gas recoveries from 
the history matched models.  
 
3-1 Data Collection  
 
All of the necessary production data for the Marcellus Shale wells was obtained from West 
Virginia Geological Survey database available on-line. The completion records were also obtained 
from various sources. There were more than 51 horizontal wells in Marcellus Shale for which some 
information was available through West Virginia Geological Survey database. The production data 
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for majority of these horizontal wells were unavailable. In addition, some of the well had production 
data which exhibited a lot of fluctuations. This can be for many reasons including changing bottom-
hole pressures and equipment problems. For this particular study, 3 horizontal wells in Upshur and 
Marshall Counties that had a long and smooth production history were selected. Table 3-1 
summarizes the information for the selected wells.  
Table 3- 1 Horizontal Wells Data 
Well  
API 
Number 
Permit 
Number County 
Horizontal 
Length, ft. 
Rock 
Pressure, psi 
Number of 
Frac Stages 
1 4709703527 3527 Upshur 3000 3000 8 
2 4709703516 3516 Upshur 1812 3000 5 
3 4705101092 1092 Marshall 2727 3000 7 
 
 
3-2 Development of the Base Model 
 
The base model is an essential part of this study because it will provide the starting point for 
successful history matching. The length and width of the reservoir was selected based on the length 
of horizontal lateral. The reservoir thickness was obtained for some of horizontal wells using the 
“Pay Zone” data from the West Virginia Geological Survey database.  
The natural permeability and natural porosity were assumed based on the typical 
characteristics of the Marcellus Shale. It should be noted that the natural fracture and matrix 
permeability in vertical (z) direction was assumed to be 1/10 of the permeability in horizontal (x and 
y) direction. Table 3-2 summarizes the base model parameters for Well#1 that were used in this 
study. 
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Table 3-2 Base Model Parameters 
 
 
 
 
Base Model Parameters 
Reservoir Parameters   
Depth 7000 ft. 
Thickness 75 ft. 
Rock Properties 
Porosity type Dual   
Matrix Porosity, 𝜙𝑚 0.05 fraction 
Matrix Permeability, 𝑘𝑥 0.0002 md 
Matrix Permeability, 𝑘𝑦 0.0002 md 
Matrix Permeability, 𝑘𝑧 0.00002 md 
Fracture Porosity, 𝜙𝑓 0.005 fracture 
Fracture Permeability, 𝑘𝑓𝑥 0.002 md 
Fracture Permeability, 𝑘𝑓𝑦 0.002 md 
Fracture Permeability, 𝑘𝑓𝑧 0.0002 md 
Hydraulic Fracture Properties 
Number of frac stages 8   
Half Length 500 ft. 
Hydraulic Fracture Permeability 20000 md 
width 0.01 in. 
Top of Fracture 7000 ft. 
Bottom of Fracture 7075 ft. 
Constrains 
𝑃𝑤𝑓 500 psi 
Fluid Properties 
Gas Gravity 0.8   
𝐶𝑂2  Mole Percent 0 % 
𝑁2 Mole Percent 0 % 
𝐻2𝑂 Mole Percent 0 % 
Adsorption 
Gas Diffusion Coefficient 1 𝑓𝑡2/day 
Sorption Pressure 62 day 
Langmuir Pressure 635 psia 
Langmuir Pressure 0.08899 Mscf/ton 
Rock Density 150 lb/𝑓𝑡3 
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Typical properties were also assigned to hydraulic fracture. The hydraulic fracture 
properties generally impact the initial production rate. For example, increasing the permeability 
of the hydraulic fracture would yield a significantly higher initial production rate. The impact of 
fracture half-length is however more significant and influences production performance for 
longer period of time.  
Minimum Bottom-hole pressure (𝑃𝑤𝑓) was assumed to be 500 psia. The value for 
Langmuir pressure (𝑃𝑙) and Langmuir volume (𝑉𝑙) have been defined as it showed in Table 3-2. 
Langmuir volume (𝑉𝑙) is the maximum gas volume which can be adsorbed. Langmuir pressure 
(𝑃𝑙) represents the pressure at which the gas storage capacity equals one half of the maximum 
storage capacity.  
 
3-3 History Matching 
  
History matching was initiated with the base model and the final match was achieved by 
varying the key parameters such as reservoir drainage area, fracture half-length, matrix permeability, 
natural fracture permeability and the flowing bottom-hole pressure. In this part of the study, history 
match was achieved for horizontal well.  
Figure 3-1 shows the results of the history matching for horizontal well. Production data for 
two years (2008 and 2009) was used for history matching by changing parameters. Subsequently, the 
matched model was used to predict the production for the following three years (2010, 2011 and 
2012) to verify accuracy and reliability of the matched model. The predicted production rate closely 
matched the actual data as it can be seen in Figure 3-2. These results confirmed the reliability of the 
matched model. 
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Figure 3-1 History matching and prediction for horizontal well#1 
 
 
Figure 3-2 Predicted production rate closely matched the actual data for horizontal well#1 
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3-4 Production Ratio 
The production ratio between late production and the first two years for different fracture 
half-length was calculated in order to find a correlation that help to estimate the recovery in 
unconventional gas reservoirs. Figure 3-3 and 3-4 illustrate this correlation for well#1 (𝑋𝑓 =
350 𝑓𝑡. ) for the first and the second year respectively. Figures for the rest of the 𝑋𝑓 values are in 
appendix A. 
 
 
Figure 3-3 Production ratio for the first year 
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Figure 3-4 Production ratio for the second year 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 
 
4-1 Horizontal Well #1 
This well is located in Upshur County. The thickness of this well is about 75 ft. it has been 
taken from thickness map of Upshur County. In addition, the length of this reservoir is about 3000 ft. 
which is provided from well data section of West Virginia University Geological Survey. As a result 
the rectangular drainage area for this reservoir is assumed to be 4000×2000 ft2 in dimensions. The 
initial reservoir pressure was 3000 psia. Table 4-1 shows the final parameter for history matching.  
 Different parameter has been changed to get a history match for horizontal well#1. Figure 4-
1 illustrates the final history matching. To obtain a good history match for this well, fracture half 
length (𝑋𝑓) was reduced from 500 ft. to 400 ft. fracture half-length has huge impact on the 
production. If fracture half-length increases, the production will increase as it illustrates in Figure 4-
2. Moreover, the natural fracture permeability was reduced from 0.002 md to 0.001 md to get history 
matching. The permeability of the hydraulic fracture has been decreased from 10,000 md to 
20,000 md.  The hydraulic fracture permeability generally impacts the initial production rate.  
The well has 8 hydraulic fracture stages and the spacing between each fracture is about 500 
ft. and the location of the horizontal well is at the center of the rectangular reservoir.  
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Table 4-1 Final parameter for history matching 
Well #1 after Matching 
Base Model Parameters 
Reservoir Parameters   
Depth 7000 ft. 
Thickness 75 ft. 
Rock Properties 
Porosity type Dual   
Matrix Porosity,  𝜙𝑚 0.05 fraction 
Matrix Permeability, 𝑘𝑥 0.0002 md 
Matrix Permeability, 𝑘𝑦 0.0002 md 
Matrix Permeability, 𝑘𝑧 0.00002 md 
Fracture Porosity,  𝜙𝑓 0.005 fraction 
Fracture Permeability, 𝑘𝑓𝑥 0.001 md 
Fracture Permeability, 𝑘𝑓𝑦 0.001 md 
Fracture Permeability, 𝑘𝑓𝑧 0.0001 md 
Hydraulic Fracture Properties 
Number of frac stages 8 
 
Half Length 400 ft. 
Hydraulic Fracture Permeability 10000 md 
width 0.01 in. 
Top of Fracture 7000 ft. 
Bottom of Fracture 7075 ft. 
Constrains 
𝑃𝑤𝑓 500 psi 
Fluid Properties 
Gas Gravity 0.8   
𝐶𝑂2 Mole Percent 0 % 
𝑁2 Mole Percent 0 % 
𝐻2𝑂 Mole Percent 0 % 
Adsorption 
Gas Diffusion Coefficient 1 𝑓𝑡2/day 
Sorption Pressure 62 day 
Langmuir Pressure 635 psia 
Langmuir Pressure 0.08899 Mscf/ton 
Rock Density 150 lb/𝑓𝑡3 
. 
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Figure 4-1 Final history matching for well#1 
 
 
 
Figure 4-2 Comparison of the model predictions for different fracture half-length and actual production data 
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4-2 The Impact of different parameters on the ratio 
In order to come up with a good correlation to estimate the recovery from the early 
production data, the impact of different parameters was investigated. This investigation included 
fracture half length, fracture permeability, number of fractures and matrix porosity. 
4-2-1 The Impact of the Fracture Half Length (𝐗𝐟) 
In the early period of production the (𝑋𝑓) value does not affect the production since the 
production is coming from the near drainage area. However, late production will increase as the 
fracture half-length value increases because at that time, the gas will be produced from far bigger 
drainage area. Figure 4-3 illustrates the impact of different value of  Xf on the production ratio. 
  
Figure 4-3 Impact of 𝑋𝑓 on the production ratio 
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4-2-2 The Impact of the Fracture permeability (𝐤𝐟) and the number of fractures 
In this well, the value of natural fracture permeability and number of fractures were 
changed while the other factors remained constant to observe its impact on the correlation. This 
investigation found out that, fracture permeability doesn’t affect the ratio while the ratio 
increases as the number of fractures increases. Figure 4-4 illustrates the impact of (𝑘𝑓) and 
number of fracture on the ratio. 
 
 
Figure 4-4 Impact of fracture permeability and number of fractures on the ratio 
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4-2-3 The Impact of Matrix porosity  
Matrix porosity was changed for different fracture half length. This correlation was not 
affected by the different porosity values. Figure 4-5 illustrates the impact of matrix porosity on 
the ratio. The rest of the figures are in Appendix A.  
 
 
Figure 4-5 Impact of matrix porosity on the ratio 
 
 
 
 
 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0 5 10 15 20 25 30 35
R
at
io
 Q
1
/Q
i
Time, Year
Xf=400 ft., 2 Year
Phi=0.06
Phi=0.05
Phi=0.04
30 
 
4-3 Evaluation of the correlation 
The predicted ultimate gas recoveries for 2 horizontal Marcellus shale wells based on the 
actual production data using the correlation were compared against the predicted ultimate gas 
recoveries from the history matched models. The history matching and the results for Well #2 are 
shown in Figure 4-6 and Table 4-2 respectively. Figure A-1 and Figure A-2 that were used to get 
the ratio are in Appendix A. 
 
Figure 4-6 History matching for horizontal well #2 
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MMcf 
Qi/Q30 
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Error % 
1 347 0.143 2,435 2,543 4.25 
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The history matching and the results for well #3 are shown in Figure 4-7 and Table 4-3 
respectively. Figure A-3 and A-4 that were used to get the ratio are in Appendix A. 
 
 
Figure 4-7 History matching for horizontal well #3 
 
Table 4-3 Results of the correlation predictions for Well #3 
Year 
Qi, 
MMcf 
Qi/Q30 
Predicted  Q30 
From the 
correlation, 
MMcf 
Predicted  Q30 
From the 
History 
Matching, MMcf  
Error % 
1 1,034 0.168 6,172 4,209 31.8 
2 1,419 0.263 5,407 4,209 22.2 
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CHAPTER 5 
 Conclusion 
 
1. The number of fracture stages has significant impact on the production ratio correlation. 
2. In the early period of production the fracture half-length does not have significant impact 
on the production since the production originates from the areas at distances shorter than 
the fracture half-length from the wellbore.  
3. During the late production period, the fracture half-length has more impact on production 
since the production come from areas beyond the tip of the fracture.  
4. The natural fracture permeability and the matrix porosity do not have significant impacts 
on the ratio. 
5. The comparison of the predicted ultimate gas recovery by the production ratio correlation 
and the predicted ultimate gas recovery by history match with the reservoir model 
indicate that reliable estimates of gas ultimate recovery can be obtained by the use of the 
production ratio correlation. 
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Appendix A 
 
 
Figure A-1 Correlation Q1/Qi (Xf=350ft.) 
 
 
Figure A-2 Correlation Q2/Qi (Xf=350ft.) 
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Figure A-3 Correlation Q1/Qi (Xf=400 ft.) 
 
 
Figure A-4 Correlation Q2/Qi (Xf=400ft.) 
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Figure A-5 Correlation Q1/Qi (Xf=500 ft.) 
 
 
Figure A-6 Correlation Q2/Qi (Xf=500 ft.) 
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